Poly(ADP-ribosyl)ation is rapidly formed in cells following DNA damage and is regulated by poly(ADP-ribose) polymerase-1 (PARP-1). PARP-1 is known to be involved in various cellular processes, such as DNA repair, genomic stability, transcription, and cell death. During apoptosis, PARP-1 is cleaved by caspases to generate 89-kDa and 24-kDa fragments, a hallmark of apoptosis. This cleavage is thought to be a regulatory event for cellular death. In order to understand the biological significance of PARP-1 cleavage, we generated a PARP-1 knockin (PARP-1 KI/KI ) mouse model, in which the caspase cleavage site of PARP-1, DEVD 214 , was mutated to render the protein resistant to caspases during apoptosis. While PARP-1 KI/KI mice developed normally, they were highly resistant to endotoxic shock and to intestinal and renal ischemia-reperfusions, which were associated with reduced inflammatory responses in the target tissues and cells due to the compromised production of specific inflammatory mediators. Despite normal binding of NF-kB to DNA, NF-kB-mediated transcription activity was impaired in the presence of caspase-resistant PARP-1. This study provides a novel insight into the function of PARP-1 in inflammation and ischemia-related pathophysiologies.
Introduction
Upon DNA damage, poly(ADP-ribose) polymerase-1 (PARP-1, EC 2.4.2.30) is activated and catalyzes the formation of poly(ADPribose) (PAR) chains by transferring (ADP-ribose) from β-NAD + onto itself and nuclear acceptor proteins (1) . PARP-1 is known to be involved in various cellular processes including DNA repair, recombination, genomic stability, transcription regulation, and cell death (1) (2) (3) . In addition, massive poly(ADP-ribosyl)ation induced by acute DNA damage results in rapid depletion of cellular NAD + and ATP pools, which, if not regulated, can lead to cellular dysfunction and cell death (4) . Involvement of PARP-1 in cell death is also speculated based on the prominent phenomenon that during apoptosis, PARP-1 is cleaved by caspases at the conserved site DEVD 214 , generating 24-kDa and 89-kDa fragments, a hallmark of apoptosis.
Mice lacking PARP-1 develop normally and PARP-1 -/-fibroblasts and lymphoid cells display a normal apoptotic response after treatment with various apoptotic inducers, such as anti-Fas antibody, TNF-α, γ-radiation, and dexamethasone, which demonstrates that PARP-1 per se is dispensable for apoptosis, at least in these cell types (5, 6) . However, inactivation of PARP-1 by chemical inhibitors and genetic means protects mice from endotoxic shock and other disease models related to inflammation, such as diabetes, stroke, and myocardial reperfusion (7) (8) (9) (10) (11) (12) . In addition, PARP inhibitors protect rats from renal and intestinal ischemiareperfusion-induced (I/R-induced) lethality and tissue injury (13, 14) . The mechanism underlying these models is believed to involve massive PARP-1 activation induced by oxidative DNA damage, resulting in tissue injury via depletion of cellular pools of NAD + / ATP, which causes cell death (4, 10) .
Sepsis is a systemic inflammatory response syndrome to localized or systemic infections that causes the overproduction of proinflammatory cytokines, such as TNF-α and IL-1β, and ultimately results in multiple organ failure (15) . LPS, an endotoxin found in the outer membrane of Gram-negative bacteria, is a major trigger of sepsis. Endotoxic shock has been used to test the inflammation response in animal models. PARP-1 -/-mice are highly resistant to LPS (9, 16) . The increased survival of such mice compared with wild-type is associated with a low TNF-α and NO production, which is believed to be due to the impaired transcriptional activity of NF-κB in the absence of PARP-1 (3, 9, 17, 18) . While some in vitro studies have demonstrated an involvement of poly(ADP-ribosyl)ation in the DNA binding activity of NF-κB (19, 20) , others have shown that PARP-1 activity is dispensable for this transcription regulation process (17) . Taken together, these studies indicate a role for PARP-1 in inflammation response.
Although cleavage of PARP-1 by caspases at the DEVD site is a universal phenomenon during apoptosis, the significance of this cleavage in vivo is largely unknown. It is postulated that PARP-1 cleavage might occur in cells undergoing apoptosis to inactivate their capacity to repair DNA in order to preserve energy pools (21, 22) . It is also proposed that the 24-kDa product of PARP-1 cleavage irreversibly binds to DNA in order to prevent the access of DNA repair enzymes to fragmented DNA (23, 24) . Consistent with these hypotheses, cell lines expressing a caspase-resistant PARP-1 by mutating the DEVD 214 site displayed increased apoptosis and necrosis after TNF-α treatment (25) (26) (27) . These studies indicate that the caspase cleavage of PARP-1 is an important regulatory event in cellular functions.
To investigate the physiological relevance of PARP-1 cleavage in cell death and inflammation, we engineered a mutant mouse strain by introducing a point mutation into the caspase cleavage site of the PARP-1 gene by a "knockin" (KI) strategy. Although PARP-1 knockin (PARP-1 KI/KI ) mice developed normally, they were resistant to intestinal and renal I/R and endotoxic shock models due to a downregulation of NF-κB transcriptional activity and inflammation mediators.
Results

PARP-1 KI/KI mice develop normally.
The conversion of aspartate to asparagine at the 214 codon (Asp214Asn; D214N) renders the PARP-1 protein resistant to caspase cleavage (25) . We constructed the targeting vector containing such a point mutation (D214N) at exon 5 of the PARP-1 gene introduced by a site-directed mutagenesis ( Figure  1A ). After electroporation of the targeting vector into ES cells and homologous recombination, ES clones containing a targeted allele (PARP-1 +/T ) were identified by Southern blot analysis ( Figure 1B ). To avoid interference of the selection cassette in the intronic sequence, we removed the cassette expressing the neomycin resistance gene (neo) and the thymidine kinase gene (tk) by transient expression of the Cre recombinase in targeted heterozygous ES cells, generating a knockin allele in ES cells (PARP-1 +/KI ) ( Figure 1 , A and C). PARP-1 +/KI ES cells were used to generate heterozygous PARP-1 +/KI animals. After these PARP-1 +/KI mice were intercrossed, PARP-1 KI/KI mice were obtained at a Mendelian ratio and exhibited no apparent developmental abnormalities compared with wild-type littermates (data not shown). The presence of the introduced mutation in PARP-1 KI/KI mice was confirmed by sequencing the locus ( Figure 1E) .
Characterization of caspase-resistant PARP-1. We first examined by Western blotting expression levels of the mutant PARP-1 protein in PARP-1 KI/KI mice and found an equal amount of the protein expressed in PARP-1 KI/KI and wild-type fibroblasts, thymocytes, and macrophages, which were the cell types used in the present study (data not shown). To confirm that the point mutation introduced at the DEVD site renders PARP-1 resistant to caspase cleavage, we activated caspases in thymocytes, a cell type that undergoes classic apoptosis, after dexamethasone treatment. Western blot analysis revealed that 9 hours after dexamethasone treatment, significant cleavage of PARP-1 was observed in wild-type extracts as shown by the presence of the 89-kDa band, whereas extracts from PARP-1 KI/KI thymocytes presented only 1 band at 113 kDa corresponding to the full length of PARP-1 (Figure 2A ). To rule out the possibility that mutant PARP-1 could act as a competitive inhibitor of caspases, we measured at different time points caspase-3 activity in these cell extracts after dexamethasone treatment. As shown in Figure 2B , the kinetics of induction and activity of caspase-3 were similar in wild-type and PARP-1 KI/KI cells with a peak at 6 hours, which indicated that caspase-resistant PARP-1 had no inhibitory effect on caspase-3 activity. Thus, mutant PARP-1 is effectively resistant to caspase cleavage during apoptosis in thymocytes and does not interfere with caspase-3 activity.
To investigate whether the point mutation introduced would affect the PARP-1 catalytic activity, we used a biochemical assay to test the PAR polymerase activity of noncleavable PARP-1 in vitro by measuring auto-poly(ADP-ribosyl)ation of PARP-1, since it is the major target of this modification. Figure 2C shows that cellular extracts from wild-type and PARP-1 KI/KI primary mouse embryonic fibroblasts (MEFs) exhibited a similar amount of the PARP-1 protein and a similar extent of PAR synthesis at the size of 113 kDa, which corresponds to PARP-1. To examine whether mutant PARP-1 was functional in vivo, we induced DNA damage in MEFs using Figure 2D ). Specifically, PAR formed after 5 minutes, reached peaks at 10 minutes, and decreased after 20 minutes (Figure 2D ). Taken together, these results demonstrate that the point mutation introduced at the DEVD site did not affect the protein expression and PARP-1 activity in response to DNA damage.
PARP-1 KI/KI mice are resistant to endotoxic shock. In order to test whether PARP-1 cleavage is involved in the response to LPS-induced septic shock, we treated mice of both PARP-1 +/+ and PARP-1 KI/KI genotypes with LPS and monitored survival over a period of 7 days. Interestingly, PARP-1 KI/KI mice were more resistant to LPS treatment compared with wild-type mice, as approximately 40% of PARP-1 KI/KI mice survived, whereas all wild-type counterparts died (P = 0.0463; Figure 3A ). In order to examine the nature of the reduced inflammatory response, we measured proinflammatory cytokines released in the blood of wild-type and PARP-1 KI/KI mice 2 hours after LPS treatment. As shown in Figure 3B , the induction of IL-1β was significantly compromised (P = 0.03) in PARP-1 KI/KI sera compared with that of wild-type mice. Similarly, the production of TNF-α was also lower in PARP-1 KI/KI sera compared with that of wild-type counterparts, although the difference was not statistically significant ( Figure 3C ). These results suggest that noncleavable PARP-1 compromises an inflammatory response induced by LPS.
Impaired induction of NO synthase-2 in PARP-1 KI/KI macrophages. To examine the status of NO production, we isolated peritoneal macrophages from wild-type and PARP-1 KI/KI mice and stimulated them in culture dishes with LPS. After 24 hours, supernatant was collected and nitrite was measured. Figure 4A shows that PARP-1 KI/KI macrophages secreted about 50% less NO than the wild-type counterparts. As a control, PARP-1 -/-macrophages also secreted less NO (data not shown), consistent with a previous study (9) . Because iNOS/NO synthase-2 (iNOS/NOS-2) is responsible for the production of NO by macrophages, we analyzed NOS-2 expression in PARP-1 KI/KI macrophages. Western blot analysis revealed that the expression of NOS-2 was greatly reduced compared with wild-type cells ( Figure 4B ), which correlated with the reduced synthesis of NO by PARP-1 KI/KI macrophages. Northern blot analysis further confirmed that the downregulation of NOS-2 was due to dramatically reduced transcription of the nos-2 gene in PARP-1 KI/KI macrophages ( Figure 4C ). Thus, the response of PARP-1 KI/KI macrophages to LPS is compromised most likely due to misregulation of inflammation mediators. Noncleavable PARP-1 regulates the activity of NF-κB. To investigate whether nos-2 downregulation was due to impaired NF-κB activity, we next analyzed the NF-κB function in PARP-1 KI/KI cells in response to LPS (9, 17) . To test the binding activity of NF-κB to DNA, we incubated nuclear extracts of macrophages stimulated with LPS using a probe containing the NF-κB consensus sequence. Electromobility shift assay (EMSA) analysis revealed that NF-κB bound to the κB sequences in PARP-1 KI/KI nuclear extracts as efficiently as in wild-type extracts ( Figure 5A ). The specificity of the binding was assessed by incubating the extracts with a cold probe and also a probe containing a mutation in the NF-κB consensus sequence (data not shown).
To test NF-κB transcriptional activity in the presence of caspaseresistant PARP-1, we transfected an NF-κB reporter vector containing the nos-2 promoter into PARP-1 +/+ or PARP-1 KI/KI mouse lung fibroblasts (MLFs) and found that NF-κB transcriptional activity was severely impaired in PARP-1 KI/KI cells in response to LPS or LPS plus IFN-γ treatment ( Figure 5B ). The same transfection experiments with a reporter gene under the control of mutated κB sites demonstrated that the observed induction was NF-κB specific. We next performed reconstitution experiments to examine the function of wild-type, noncleavable, and enzyme-dead PARP-1 in the NF-κB-mediated transactivation of target genes in response to LPS and IFN-γ. To this end, we cotransfected PARP-1 -/-macrophages, which are defective in NF-κB transactivation, with an NF-κB reporter together with a vector expressing either a wild-type, a caspase-resistant PARP-1 (D214N), or an enzyme-dead PARP-1 (M890V/D899N) ( Figure 5C ). Similar expression levels of these vectors in these cells were detected by Western blotting ( Figure 5D ). NF-κB transcriptional activity was not restored in PARP-1 -/-macrophages reconstituted with noncleavable PARP-1 (D214N) compared with those reconstituted with a wild-type PARP-1 ( Figure 5C, upper panel) . Interestingly, an enzyme-dead PARP-1 fully restored the NF-κB transcriptional activity in PARP-1 -/-macrophages to the level of cells reconstituted by wild-type PARP-1 ( Figure 5C , lower panel). Thus, NF-κB transcriptional activity is impaired in PARP-1 KI/KI cells in response to LPS alone or to LPS plus IFN-γ.
These data suggest that PARP-1 cleavage regulates NF-κB functions. We attempted to test whether PARP-1 is indeed cleaved in response to LPS in macrophages. We failed to detect any cleaved products of PARP-1 in primary mouse macrophages upon LPS stimulation (data not shown) because the anti-PARP-1 antibody (C2-10) did not efficiently recognize the cleaved products of PARP-1 in mouse or in human cells. Therefore, we used a human macrophage-like cell line (THP-1) and a newly generated human PARP-1-specific antibody. We found by Western blotting that PARP-1 was cleaved in these cells in response to LPS treatment, albeit in a small amount ( Figure 5E ).
PARP-1 KI/KI mice are protected from intestinal I/R. Intestinal I/R induces proinflammatory cascade in the gut, which can culminate in multiple organ dysfunction syndrome (28) . We next performed intestinal I/R experiments by splanchnic artery occlusion (SAO). While SAO shock resulted in the death of 50% of PARP-1 +/+ mice at 2 hours after reperfusion, only 30% of PARP-1 KI/KI mice died after SAO shock. All sham-operated mice survived the entire 2-hour observation period. A histological examination at 60 minutes after reperfusion revealed a disruption of intestinal mucosa and a loss of the villi structure in wild-type ileum sections ( Figure 6A ). It was also evident that infiltration of neutrophils, lymphocytes, and plasma cells extended through the wall and concentrated below the epithelial layer, with occasional focal ulceration ( Figure 6A ). In contrast, PARP-1 KI/KI mice showed a marked reduction in histological alterations, inflammatory cell infiltration, or exudate formation ( Figure 6B ). No intestinal injury was found in tissue sections from sham-operated mice ( Figure 6C ). These results suggest that noncleavable PARP-1 protects mice from intestinal injury by I/R.
Inflammation response and oxidative damage are reduced in PARP-1 KI/KI mice. The release of free radicals and oxidant molecules during the early phase of reperfusion has been suggested to cause tissue necrosis and mucosal dysfunction (29) . Intestinal I/R induced a marked increase in tissue-positive staining for nitrotyrosine, a marker of tissue injury, in the epithelium of the small intestine of wild-type mice ( Figure 6D ). We found very weak staining for nitrotyrosine in the intestine of PARP-1 KI/KI mice subjected to SAO treatment ( Figure  6E ). It was also noted that there was no staining for nitrotyrosine in the intestine obtained from sham-operated mice ( Figure 6F ). We next examined whether the protection of tissue damage in PARP-1 KI/KI mice was due to reduced inflammation. Infiltration of inflammatory cells (mainly neutrophils) in the intestine is associated with the induction of myeloperoxidase (MPO) activity. We found that while MPO activity was significantly elevated at 60 minutes after reperfusion in the intestine from SAO-shocked wild-type mice, the induction was significantly reduced (P < 0.01) in the SAO-shocked PARP-1 KI/KI intestine in comparison with that in wild-type mice ( Figure 6G ). We further assessed the status of peroxidation in the intestine of SAOshocked mice. While high levels of malondialdehyde (MDA), indicative of lipid peroxidation, were detected in the wild-type intestines 60 minutes after reperfusion, the MDA levels in the PARP-1 KI/KI intestine were significantly lower than those in wildtype mice (P < 0.01) ( Figure 6H ).
Finally, we evaluated the serum levels of TNF-α at 60 minutes after reperfusion and found that this cytokine was significantly elevated in the plasma from SAO-shocked wild-type mice (P < 0.01). However, a significantly reduced TNF-α induction was observed in the plasma from SAO-shocked PARP-1 KI/KI mice ( Figure 6I ).
PARP-1 KI/KI mice are protected from renal I/R.
To test the generality of caspase-resistant PARP-1 in protecting mice from inflammation and tissue injury, we examined the response of PARP-1 KI/KI mice in another I/R pathological model; i.e., renal I/R that causes the injury and death of renal cells leading to renal dysfunction and failure (30) (31) (32) (33) . I/R caused a significant increase in the plasma levels of urea, creatinine, aspartate aminotransferase (AST), and nitrite/ nitrate in wild-type mice compared with sham-operated mice (Figure 7, A-D) , which suggests a significant degree of renal dysfunction, reperfusion injury, and NO synthesis. In contrast to wild-type mice, I/R-treated PARP-1 KI/KI mice showed significantly attenuated renal dysfunction, as measured by plasma urea and creatinine levels ( Figure 7, A and B) , and reperfusion injury, as measured by plasma AST levels ( Figure 7C ). In addition, the induction of plasma nitrite/ nitrate concentrations was abolished in PARP-1 KI/KI mice subjected to I/R ( Figure 7D ). Histological examination of kidneys revealed that wild-type mice subjected to I/R showed a significant degree of renal injury ( Figure 7E ) when compared with sham-operated wildtype mice ( Figure 7G ). Specifically, I/R-treated wild-type kidneys exhibited degeneration of tubular structure, tubular dilatation, swelling and necrosis, luminal congestion, and eosinophilia (Figure 7E) . In contrast, I/R-treated PARP-1 KI/KI renal sections showed a marked reduction in the severity of these histological features of renal injury ( Figure 7F ) when compared with kidneys obtained from wild-type mice subjected to I/R only ( Figure 7E ).
We next measured the MPO activity in the kidney tissues after I/R and found that it was significantly lower in PARP-1 KI/KI kidneys compared with those of the wild-type counterparts ( Figure 7H ). Finally, there was no difference in any of the above biochemical and histological parameters measured between sham-operated PARP-1 KI/KI mice and sham-operated wild-type controls (see Figure  7, A-D, H ). These results demonstrate that PARP-1 KI/KI mice were resistant to tissue damage caused by renal I/R.
Caspase inhibitor attenuates inflammation in intestinal and renal I/R models. To further evaluate whether PARP-1 cleavage is responsible for the protective effects against I/R treatment, we used a broad caspase inhibitor (N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone; Z-VAD-fmk) in these models. The administration of Z-VADfmk prior to SAO treatment protected the ileum of wild-type mice from tissue injury (Figure 8, A-C) . Specifically, the structure of intestinal mucosa and villi was preserved in wild-type mice pre- treated with the inhibitor, which was in contrast with mice pretreated with the solvent only (vehicle). Consistently, MPO activity in the gut from mice pretreated with Z-VAD-fmk was reduced ( Figure 8D) . Similarly, the caspase inhibitor also attenuated tissue injury from renal I/R treatment as judged by the reduction of creatinine and urea in the plasma (Figure 8, E and F) , although the urea level was not statistically different from that in the vehicletreated group, which may be attributable to the regime of this specific model in which the reperfusion lasted 24 hours.
Discussion
Once apoptosis is triggered in cells, PARP-1 is cleaved by activated caspases, mainly by caspase 3, but also by caspase 7. In order to investigate the physiological significance of this cleavage, we generated a mouse model designed as PARP-1 KI (PARP-1 KI/KI ) mice. Although these mice do not show apparent spontaneous abnormalities, they are hyperresistant to tissue injuries induced by inflammation and I/R due to the downregulation of NF-κB transcriptional activity, which results in the compromised production of specific inflammatory mediators. These results suggest that the PARP-1 cleavage event is physiologically relevant in the regulation of an inflammatory response in vivo.
We found that PARP-1 KI/KI mice are protected from LPS-induced endotoxic shock. LPS activates the adaptive immune system by inducing the release of proinflammatory molecules (34) . IL-1β, a proinflammatory cytokine, and NO, an antimicrobial cytotoxic agent, are major mediators of the acute inflammatory response to microorganisms (35, 36) . Our study shows that the resistance of PARP-1 KI/KI mice to LPS-induced septic shock is associated with a decreased secretion of IL-1β in blood and a decreased production of NO by macrophages. In local pathophysiological models caused by I/R, we observed that PARP-1 KI/KI mice were protected from SAO shock-induced inflammation, which correlates with a preserved intestinal villi histology, reduced MPO activity and TNF-α in the blood, as well as low levels of nitrotyrosine and lipid peroxidation in the target tissues. In addition, we found a similar resistance in PARP-1 KI/KI mice to renal I/R treatment. Biochemical analysis showed that PARP-1 KI/KI mice are protected from renal failure due to the reduced renal tissue injury (see Figure 7) .
It has been hypothesized that the protective function of PARP-1 deficiency against I/R injury and also endotoxic shock may be attributed to the preservation of cellular pools of NAD + /ATP and consequently reduced cell death (4, 9) . However, since in PARP-1 KI/KI mice, PARP-1 is intact and cannot be cleaved by caspases, the current study suggests that proper proteolysis of the PARP-1 protein is an important regulatory event in cellular functions, particularly in inflammatory response. In fact, the production of proinflammatory mediators, such as NO, was impaired in PARP-1 KI/KI macrophages. This reduction correlates with the downregulation of nos-2 gene expression (Figure 4 ). This observation is consistent with the notion that NOS-2 activity is responsible for the production of nitrotyrosine and lipid peroxidation (29) . Thus, the protection of PARP-1 KI/KI mice from LPS and I/R appears to be due to the impaired induction of NOS-2. It is also interesting to note that nos-2 deletion and NOS-2 inhibitor protected mice from renal and intestinal I/R treatment due to a diminished nitrotyrosine formation and low MDA levels in target tissues (29, 37) .
Thus, PARP-1 cleavage seems to regulate expression of inflammation mediators through its role in coactivation with NF-κB. Indeed, we found that NF-κB transcriptional activity was impaired in PARP-1 KI/KI cells in response to inflammatory stress. Despite normal capacity of NF-κB binding to consensus sequences, its transcriptional activity was impaired in PARP-1 KI/KI cells. Interestingly, since PARP-1 was fully enzymatic active in PARP-1 KI/KI mice and enzyme dead PARP-1 could restore NF-κB activity in PARP-1 -/-macrophages, the enzymatic activity of PARP-1 seems to be dispensable for NF-κB-dependent gene expression (17) . Finally, consistent with the observation that the activation of caspases can occur rapidly in vivo, e.g., within 2 hours in renal I/R (38), we found that caspase inhibitor Z-VAD-fmk and noncleavable PARP-1 show a protective effect in our I/R models. These findings are reminiscent of previous studies showing that caspase inhibitors attenuate the mouse response to septic shock, focal and renal I/R, and allergic airway inflammation in the asthma model (38) (39) (40) (41) (42) (43) . Although each of these studies has proposed a different mechanism, all of them are linked to the prevention of cell apoptosis. While these mechanisms are plausible, our study provides an additional explanation for their observation on better survivals in caspase inhibitor-treated animals, namely through NF-κB transactivation of cytotoxic molecules. Nevertheless, we cannot absolutely rule out the possibility that Z-VAD-fmk could block the release of cytokines (e.g., IL-1β and IL-18) and thereby protect mice from renal and intestinal I/R (43-45). Taken together, these studies indicate that PARP-1 cleavage may be required for NF-κB transcriptional activity. Since we detected NO only after 24 hours and the PARP-1 cleavage was already visible at 6-12 hours, our study clearly demonstrates that the PARP-1 cleavage is an earlier event than the apoptosis induced by cytotoxic molecules. Although the degree of PARP-1 cleavage was low, it may be significant, given that PARP-1 is abundant in cells, and a small amount of PARP-1 may be sufficient for NF-κB activation. Since PARP-1 fragments can costimulate NF-κB activity (46) , it is reasonable to speculate that cleaved fragments of PARP-1 might modulate the interaction of p300 and NF-κB with the basal transcription machinery (46) . However, the exact molecular mechanisms have yet to be investigated.
Application of caspase inhibitors has been shown to attenuate intestinal and renal tissue injuries (in our study) and other pathophysiological processes (39) (40) (41) (42) (43) . The present study, using a genetically engineered mouse model, in which PARP-1 cleavage is abolished, provides novel insights into the significance of caspase cleavage of PARP-1 and highlights the importance of PARP-1 in inflammation and tissue injury. These data demonstrate that repressing caspase activity can prevent PARP-1 cleavage and thereby reduce NF-κB-mediated inflammation response. This information may have strong implications for the development of pharmaceutical strategies to prevent chronic and acute inflammation response.
Methods
Generation of the KI construct and PARP-1 KI/KI mice. We used a 10-kb PARP-1 genomic fragment (a kind gift from B. Auer, Institute of Biochemistry, Innsbruck, Austria) containing exons 4-9 to construct a gene targeting vector. A point mutation (GA at nucleotide 640 of the mouse PARP-1 gene) was introduced into the DEVD box (codons 211-214) as described previously (25) . A neo/tk cassette flanked by two lox-P sites (a kind gift from E.F. Wagner, Research Institute of Molecular Pathology, Vienna, Austria) was placed in the downstream intron 4. The linearized targeting vector was electroporated into E14.1 ES cells, and targeted ES clones were identified by PCR and Southern blot analyses. To excise the neo/tk selection cassette, the targeted ES clones were transfected by a Creexpressing plasmid, pMC-Cre. After selection in 2 μM ganciclovir (Cymévan; Roche), ES clones containing the D214N mutant (KI) alleles were identified by Southern blotting and injected into blastocysts for production of chimeric mice. Chimeras were crossed with C57BL/6 or 129/Sv animals to generate founder lines. All animal experiments were performed in accordance with the IARC's Animal Care and Use Guidelines.
Isolation of primary cells and culture of cells. MEFs were isolated as described previously (47) . Thymocytes were prepared by disruption of the thymus through a 40-μm mesh and were cultured for 24 hours in complete DMEM medium containing 20% FCS. To isolate macrophages, we injected mice 8-10 weeks of age with thioglycollate broth (BD) 3 days prior to the experiment. Peritoneal macrophages were obtained by washing of the peritoneal cavity with a RPMI medium containing 10% FCS and heparin. Primary macrophages and human monocyte/macrophage-like cell line THP-1 were cultured in complete RPMI medium. Primary MLFs were isolated from adult lungs (48) and were cultured in complete DMEM medium. For NO production, macrophages were stimulated with 1 μg/ml LPS, and nitrite was measured using the Griess reagent (49) .
Activity assay for PARP-1 and caspase-3. For measurement of PARP-1 activity in vitro, 5 × 10 5 MEFs were lysed and processed as described previously (47) . For measurement of polymer formation in cells by immunofluorescence, DNA damage was induced by 200 μM of H2O2 in MEFs. After fixation in 10% trichloroacetic acid, cells were incubated with an anti-PAR antibody (1:200) (LP96-10; Alexis Biochemicals) and Cy-3-conjugated anti-rabbit IgG (DAKO). Cell nuclei were counterstained with DAPI. The caspase activity assay was performed as described previously (21), except that apoptosis was induced by the treatment of thymocytes with 1 μM dexamethasone (Sigma-Aldrich). 
